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Muon spin relaxation (/iSR) and magnetic susceptibility measurements have been performed on 
the pure and diluted spin 1/2 kagome system (Cuj;Zni_a;)3V207(OH)2 2H2O. In the pure x = 1 
system we found a slowing down of Cu spin fluctuations with decreasing temperature towards T ~ 1 
K, followed by slow and nearly temperature- independent spin fluctuations persisting down to T = 50 
mK, indicative of quantum fluctuations. No indication of static spin freezing was detected in either 
of the pure (x—l.O) or diluted samples. The observed magnitude of fluctuating flelds indicates that 
the slow spin fluctuations represent an intrinsic property of kagome network rather than impurity 
spins. 

PACS numbers: Valid PACS appear here 
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Geometrically frustrated interactions bring new types 
of cooperative phenomena to spin systems. Spins on 
the kagome lattice, coupled with antiferromagnetic near- 
est neighbor interactions, are known as a prototype of 
strongly frustrated systems Theoretical and exper- 

imental studies of kagome systems have been extensively 
performed. Materials studied as candidates of kagome 
system 0, include SrCrgpGaia-gpOig (SCGO) and 
jarosite family AM3(OH)6 (804)2 (A: typically a univa- 
lent, M=Fe^+,Cr^+). Some of them (e.g. Fe-jarosite) un- 
dergo a transition to long-range Neel order, while others 
(SCGO and Cr-jarosite: both with S=3/2 Cr moments) 
exhibit spin-glass-like behavior in susceptibility. 

Quantum effects should play important roles in the 
magnetism of kagome compounds, similar to the case 
of low dimensional spin systems. A theoretical study 
of 5=1/2 Heisenberg kagome systems indicates that the 
ground state is spin singlet . Ramirez et al. reported 
independence of the specific heat of 5=3/2 kagome sys- 
tem SCGO on high applied magtic fields, and interpreted 
this in terms of low-energy excitations dominated by spin 
singlet states On the other hand, muon spin relax- 

ation (/iSR) results in SCGO 6] suggest that dynamic 
spin fluctuations persist even at T — > 0. Experimen- 
tal studies of 5=1/2 kagome systems would be useful for 
better understanding of quantum effects. No good candi- 
date of 5=1/2 kagome material, however, has been found 
until recently. 

Hiroi et al. found that 5=1/2 Cu2+ spins in the copper 
volborthite Cu3V207(OH)2 2H2O (CVO) forms a spin 
network, which is only slightly distorted from a com- 
plete kagome lattice [3- Vanadium is in a non-magnetic 
state, as confirmed by NMR 0- Neither transition to 



long-range order nor a spin-glass like transition was ob- 
served down to 1.8 K in magnetization, heat-capacity 
and NMR measurements. An ESR study suggests exis- 
tence of short-range spin correlations below 5 K In 
order to characterize ground state of CVO, we have per- 
formed muon spin relaxation (/xSR) measurements down 
to 50 mK. 

Effects of magnetic dilution in kagome systems are also 
interesting. We could possibly obtain insights both about 
doped and undoped systems, as demonstrated in the case 
of SCGO H E3- Thus, we attempted to substitute 
Cu^+ ions by non-magnetic Zn^+ ions. Zn3V207(OH)2 
2H2O, with the same stoichiometry has a crys- 

tal structure slightly different from that of CVO. Both 
the lattice parameter and atom positions are, however, 
quite similar between the Cu and Zn systems. We 
have succeeded in the synthesis of mixed compound 
(Cua,Zni_^)3V207(OH)2 2H2O. In this letter, we report 
susceptibility (x) ^^id /iSR measurements of pure and 
diluted CVO and discuss some exotic features of their 
ground states. 

Measurements of /iSR and x were performed in five 
powder samples with nominal x=1.0, 0.95, 0.90, 0.70 and 
0.60. Powder samples of pure CVO {x = 1.0) were pre- 
pared in the method described in Ref. 0. The diluted 
samples were also made in a similar method, but using 
CuS04-5H20, ZnS04 5H2O, V2O5 and NaOH as start- 
ing materials. X-ray powder diffraction patterns of these 
samples indicated they were single phase. DC suscep- 
tibility X at r > 1.8 K was measured with a SQUID 
magnetometer at Columbia, while ^SR measurements at 
50 mK < T < 6 K were performed at TRIUMF. To assure 
cooling of samples used for fiSR in a dilution refrigerator. 
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FIG. 1: (a) Magnetic susceptibility of CVO with various Cu 
concentrations in H=50 G in the field-cooled condition. The 
inset shows the inverse susceptibility of x—1.0, 0.95 and 0.90. 



we mixed the samples with 20 % wt. of Au powder and 
pressed them into pellets. 

In Fig. 1(a), we plot the susceptibility x(2^)i a func- 
tion of temperature T, measured in a magnetic field of 
50 G. Only the field-cooled results are shown, since we 
did not observe any hysteresis. In a;=1.0, x(^) shows a 
broad maximum at ^^20 K. Below 9 K, the susceptibil- 
ity begins to increase with decreasing T. This increase 
indicates a Curie-like term due to impurities or lattice 
defects. In a;=0.95, the behavior is quite similar to that 
in x—1.0. With increasing dilution, the increase of x at 
low temperature becomes more pronounced, as expected 
for un-paired Cu moments created by Zn. The broad 
maximum at 20 K was no longer observed for x < 0.9. 
In any of these samples, we did not find any signature 
indicating either a transition to long-range order or spin 
freezing at T > 1.8K. We found no anomaly in x at the 
percolation threshold, pc = 0.65 [l^ . 

The inverse susceptibility for x=1.0, 0.95 and 0.70 is 
shown in the inset of Fig. 1. In all concentrations, 1/x 
shows nearly linear variation with T down to ~100 K, 
though it slightly deviates from linearity below ~200 K. 
The Weiss temperature 9 estimated from 1 /% above 200 
K in the pure x = 1 compound was —117 K, consistent 
with Hiroi et al. 7] , who estimated the exchange interac- 
tion J = 84 K from x- The absolute value of 8 decreases 
with decreasing Cu concentration. 

To characterize static/dynamic spin correlations with 
a microscopic probe, we performed ^SR measurements. 
Figure 2(a) shows the time spectra of muon polariza- 
tion, Pz(i) obtained, after subtraction of a temperature- 
independent background/ Au contribution, for a;=1.0 in 
a longitudinal field (LF) of 7Jlf= 100 G appHed to de- 
couple nuclear dipolar fields (NDF). The Kubo-Toyabe 
NDF width [l^ A = 0.39 /^s was estimated from the 
spectrum at T = 6 K in zero-field (ZF). As T decreases. 
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FIG. 2: (a) Temperature dependence of the time spectra of 
the a;=1.0 sample measured in _ffLF = 100 G. (b) Longitudinal 
field dependence of the time spectra of the 2;=1.0 sample at 
T=50 mK. The solid lines show the results of fitting with Eq. 
(1). The broken line in (b) shows the spectrum at T= 50 mK 
in H-LF= 100 G multiplied to ZF spectrum at T = 6 K (which 
represents the effect of NDF). 
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FIG. 3; (a) Temperature dependence of the relaxation rate A 
of the x=1.0, 0.95, and 0.90 sample in Hlf= 100 G. For the 
instantaneous local field width Ha ~ 35G, the correlation 
time becomes r [/.is] ~ 0.06A [//is]. (b) Longitudinal field 
dependence of A at r=50 mK and 2.0 K. The dotted curves 
show the results of fitting with Eq. (2). The inset in (b) shows 
the temperature dependence of the field amplitude Ha. 



the relaxation rate in Fig. 2(a) increases down to ^1 K, 
followed by a saturation at lower temperatures. 

The time spectra at 50 mK in ZF and some selected 
LF are shown in Fig. 2(b). We did not observe oscillation 
of muon spin in ZF. The persisting relaxation in iJLF> 
100 G clearly indicates that the observed relaxation at T 
= 50 mK is predominantly due to fluctuating local fields 
from Cu moments. In such a case, one woule expect the 
ZF spectra to be given by a product of a low-field LF 
spectrum and a Kubo-Toyabe decay due to NDF [l3| . 
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which is shown by the dotted hne in Fig. 2(b). A rea- 
soable agreement of this Hne and the ZF data further 
confirms the dynamic origin of the relaxation in LF. 

In a further inspection of the hne shape, we notice 
that (1) the early-time decay in /fLF=100 and 500 G 
is somewhat rounder than the exponential shape (solid 
lines); (2) the ZF spectrum shows slight deviation from 
the broken line; and (3) the longer time decay after t 
= 4 /is in LF becomes slower than exponential. These 
features have been found in the so-called "undecouplable 
Gaussian" /iSR line shapes, observed in kagome systems, 
SCGO and Cr-jarosite [13 . charge-doped Haldane 
gap system (Y,Ca)2BaNi05 lla, body-centered tetrag- 
onal spin system CePt2Sn2 and a dimer spin-gap 
system SrCu2 (663)2 [ul- The origin of this anomalous 
behavior has not yet been clearly understood. In the 
present CVO system, however, this feature appears in a 
much less prominent way than in the above-mentioned 
systems. Therefore, to grasp dominant trends of the 
data, we fitted the LF time spectra a,t t < 4/is with a 
simple exponential function, 

P,(t) =cxp(-Ai), (1) 

where A is the relaxation rate. The results of this fit are 
shown by the solid lines in Fig. 2. 

The temperature dependence of A is shown in Fig. 3(a). 
With decreasing temperature, A starts to increase at T ~ 
4 K and shows a saturation around T = 1.0 K in a; = 
1.0 and 0.95. The LF dependence of A in a; = 1.0 is 
shown in Fig. 3(b). For a Markovian correlation of local 
fields characterized by a Gaussian distribution P{Hi) oc 
ex-p{—Hf /2H'^) {i = x,y,z) with the amplitude of and 
the correlation time r, A follows a Lorentzian function of 
Hlf, 

M^lf) = .'^J'^ 2 ^ (2) 

where 7^ (7^ = 27r x 13.55 x 10"^ Hz/G) is the gyromag- 
netic ratio of muon The dotted lines in Fig. 3(b) 

show a fit to this function. The observed LF dependence 
significantly deviates from Lorentzian. This may suggest 
a wide distribution of iJA and/or r, or non-exponential 
/ non-Markovian type of time correlations of Cu spins. 

For a Lorentzian power function of Eq. (2), 1/r can be 
derived from the half width at half maximum in the A vs 
LF curve. Thus, assuming that the value of A in 100 G is 
equal to that in zero-field, we obtained the value of 7?lf 
where A becomes half of that in 100 G, multiplied it with 
7^, and estimated the characteristic effective fluctuation 
rate 1/r. We also derive the corresponding amplitude 
i?A of the instantaneous local fields from the values of 
A in 100 G using Eq. (2), and show them in the inset of 
Fig. 3(b). As expected for ordinary spin fluctuations, 
exhibits almost no temperature dependence. For a; = 1.0 
and 0.95, iJA = 35 G gives the simple relation r ^ 0.06A 



for T in [^s] and A in [l//xs]. Thus, the correlation time r 
increases with decreasing temperature and keeps a con- 
stant value of r = 10-20 ns below 1 K down to 50 mK. 
This suggests that dynamic Cu spin fluctuations persist 
below 1 K in a quantum (temperature independent) pro- 
cess. 

Figure 4(a) shows the time spectra in pure and diluted 
samples in Hj^f— 100 G at 50 mK. The relaxation rate 
rapidly decreases with decreasing Cu concentration. For 
x=0.70 and 0.60, we observed almost no relaxation. We 
analyzed the time spectra with Eq. (1). The x depen- 
dence of A at 50 mK is shown in Fig. 4(b). With increas- 
ing Zn doping, (decreasing x), A rapidly decreases down 
to x=0.90 and then gradually decreases down to 0.60. 
Similarly to the case of x, the /zSR results vary smoothly 
at the percolation threshold pc=0.65. We could not es- 
timate Ha and r for a;=0.70 and 0.60, since A is almost 
independent of LF. In the right hand axis of Fig. 4(b), 
we show the correlation time r at T = 50 mK, derived 
by assuming = 35 G. The Cu spin correlation time 
T rapidly decreases with increasing dilution (decreasing 
x) , indicating faster spin fluctuations for less perfect spin 
network. 
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FIG. 4: (a) Time spectrum in Hi^f= 100 G measured at 
50 mK for various Cu concentrations x. (b) x dependence 
of the relaxation rate A in Hlf~ 100 G measured at 50 mK 
and of the corresponding characteristic fluctuating time, t for 
Ha = 35 G. 

Now let us consider the ground state of pure CVO. 
The absence of any oscillations in the /xSR time spectra 
down to 50 mK implies that there is no evidence for long- 
range order. We found slow spin fluctuations, with the 
correlation time of ~ 10 ns, persisting below T 1 K. 
The value of the instantaneous local field Ha for a;=0.95 
was nearly equal to that of a:=1.0, while Ha decreases 
with further Zn doping. This suggests that the observed 
magnetism is not due to extrinsic states created by doped 
Zn^+ ions via breaking of nearby singlet state(s) of Cu 
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spins, but likely reflects an intrinsic property of the entire 
kagome spin network. 

In dilute spin glasses, the Lorentzian width of inter- 
nal fields due to dipolar (or other interaction is 
inversely proportional to the average volume per spin 
m [13. In CVO, the width - 35 G can be expected 
if 13 % of the Cu spins have 0.5 hb moments pointing in 
random directions. If these Cu spins have antiferromag- 
netic correlations, one needs to assume larger population 
of active Cu moments to explain the observed amplitude 
Ha- Thus, the present results indicate that a signifi- 
cant fraction of Cu moments remain active in the ground 
state, while the rest of them may form magnetically in- 
active singlet states. 

In the present sample of nominally pure x = I CVO, 
the 1/T impurity term of x corrcponds to 5*= 1/2 free 
impurity of well below 0.25 % of Cu population. Thus 
the /iSR results cannot be ascribed to such impurity mo- 
ments. This point was further confirmed by essentially 
identical ^SR results obtained in another sample of 2; = 1 
CVO which had nearly a factor of two larger 1/T term 
in X- 

Some theories and numerical results suggested that the 
ground state of S'=l/2 kagome system is a singlet state 
associated with a rapid decrease of x below T ~0.2J [^. 
The broad maximum of x observed in CVO at T ~ 20 K 
might be related to this feature. A similar broad maxi- 
mum around T ~ J/2 was also found in NMR spin sus- 
ceptibility of SCGO 01 . However, the ground states of 
both CVO and SCGO involve active magnetism, as in- 
dicted by: (1) the /iSR relaxation in CVO (present study) 
and SCGO |3 ; (2) non-zero value of x at T — > even after 
the Curie-like term was subtracted; and (3) quasi static 
response in SCGO at T — s- in neutron scattering stud- 
ies lU I22] ■ We note that we should not have seen any 
spin relaxation at T — > in a complete singlet ground 
state. In both CVO and SCGO f^, the ^SR relaxation 
rates at low temperatures are nearly independent of tem- 
perature. These results suggest a novel type of ground 
state in both 5 = 1/2 (CVO) and 3/2 (SCGO) kagome 
networks, where slow and quantum spin fluctuations per- 
sist without static spin freezing. The existence of such 
a slow magnetic state in CVO provides a possible expla- 
nation for the broadening and disappearence of an ESR 
signal in CVO below T - 4 K 0. 

A spin-glass-like behavior in associated with de- 
parture of field-cooled and zero-field cooled results, 
was found in the kagome systems SCGO and Cr- 
jarositel^. We point out that the fiSR results of CVO, 
SCGO ^, J^O] and Cr-jarosite JJi, with persisting dy- 
namic effects at T ^ 0, are qualitatively different from 
those in ordinary spin-glass materials such as CuMn 1 
where dynamic fiuctuations disapper at T — > 0. 

Finally, we discuss the effect of magnetic dilution. The 
present /iSR results in CVO show that the correlation 



time becomes rapidly shorter with increasing Zn doping. 
Qualitatively similar dependence on magnetic dilution 
was found in /LtSR studies of SCGO 0|. These results in- 
dicate that magnetic dilution does not relieve frustration 
nor promote spin freezing in these systems. Zn doping 
may cutoff the magnetic network to smaller clusters re- 
sulting in faster spin fluctuations. The absence of an 
anomaly at the percolation threshold, in either CVO or 
SCGO, suggests that the spin fluctuations have a short- 
ranged / local character. 

In summary, we found a signature of slowing down of 
spin fluctuations with decreasing temperature, followed 
by slow and nearly temperature- independent spin fiuctu- 
ations between T = 1.0 and 50 mK in the 5=1/2 kagome 
spin system CVO. These fluctuations exhibit quantum 
character, and persist at T = 50 mK without any signa- 
ture of long-range or static spin order. 
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